The interactions of microorganisms that coexist in nature are essential for global nutrient cycling and have a profound role in human health and disease. These interspecies interactions can have beneficial, neutral or harmful effects on members of the community. Beneficial or neutral interactions can be defined as commensalism, whereby the association between different species is beneficial to individuals of one species but has no effect on the other; mutualism, whereby microorganisms that coexist benefit from one another; or neutralism, whereby the association does not affect the microorganisms involved in the association. In addition, microorganisms can interact antagonistically in relationships that are classified as amensalism, whereby the association between different species is detrimental to individuals of one species but not to those of the other; competition, whereby all partners are disadvantaged by the presence of others; parasitism, whereby one microorganism benefits at the expense of their host organism; or predation, whereby one organism feeds on the other organism 1 . The sum of these interactions shapes the composition and function of the without the addition of supplements. However, many microorganisms in nature (and in culture collections) are auxotrophic; that is, they are unable to synthesize all of the vital nutrients. Access to these nutrients is therefore essential, and the lack of these nutrients inhibits cell division and growth. Several explanations could account for the frequent occurrence of auxotrophic microorganisms. First, the energetic costs of producing certain metabolites are offset by obtaining them from the environment, from a different microorganism or from the host 16, 17 . In metabolite-rich environments, this could select for the loss of biosynthetic genes, thus promoting auxotrophic genotypes 3 . Additionally, in spatially structured communities, local exchange among cooperative bacteria is increased and could increase reciprocity 16, 18, 19 . Bacteria can exhibit multiple auxotrophies at once, which results in various degrees of nutrient requirements. Furthermore, the severity of the growth defects under nutrient-limiting conditions is dependent on which step in the biosynthetic pathway is lost 20 . Whereas metabolic interactions among community members (that is, substrate utilization patterns) are highly dynamic in nature, are often tightly regulated and can change over time, nutrient requirements are hardwired into the genome and therefore remain constant. This disposition defines the network in which microorganisms can thrive and results in a defined group of potential partners that allocate the necessary nutrients. In this Opinion article, we postulate that these genomeencoded requirements have profound implications for microbial interactions and thus the overall microbial network. How microbial networks are assembled and maintained and how these communities react to perturbations depend in part on the nutrient requirements of the individual members within a community. Similar to our own social network, which changes and evolves over time within certain parameters, microorganisms also have distinct preferences for partners and interactions based on their auxotrophies. We discuss how auxotrophies can shape the structure of environmental and hostassociated microbial communities and how interdependencies can influence microbial community in an ecosystem. Until recently, interactions have been viewed as successional activities of various members, each providing the energy source for the next member. However, on the basis of recent studies, a new picture has emerged, which emphasizes interdependencies and convoluted networks of microorganisms that are not limited to the exchange of electron donors for growth 2 but include the exchange of amino acids [2] [3] [4] [5] [6] , vitamins [7] [8] [9] and other cofactors 10, 11 ( Fig. 1 ). For example, microorganisms rely on other members of the microbial community to acquire signalling molecules, such as small peptides 12 or siderophores 13 , for growth. Additionally, microorganisms depend on partners for the detoxification of inhibitory molecules (such as xenobiotics or prohibitive concentrations of metabolites) 14 or the reduction of reactive oxygen species (ROS) by ROS-scavenging organisms 15 . Although we acknowledge the importance of these cofactors, in this article, we mainly focus on microbial interactions that involve the exchange of amino acids and vitamins.
Prototrophic microorganisms can synthesize all the nutrients that are required for their growth from minimal medium Abstract | Microorganisms engage in complex interactions with other organisms and their environment. Recent studies have shown that these interactions are not limited to the exchange of electron donors. Most microorganisms are auxotrophs, thus relying on external nutrients for growth, including the exchange of amino acids and vitamins. Currently , we lack a deeper understanding of auxotrophies in microorganisms and how nutrient requirements differ between different strains and different environments. In this Opinion article, we describe how the study of auxotrophies and nutrient requirements among members of complex communities will enable new insights into community composition and assembly. Understanding this complex network over space and time is crucial for developing strategies to interrogate and shape microbial communities.
pathogenicity. The principles outlined here are universal and can be applied to many microbial communities and environments and are not restricted to interactions between the human microbiota and its host.
Auxotrophies in microbial communities
A classic view of electron donor exchange. Interspecies interactions are essential for the composition and function of the microbiome. It has been suggested that microbial communities, for example, in soil, sediments or the human gut, rely mainly on cross-feeding of electron donors for growth 21 . Thus, the survival of individual microorganisms depends in large part on the whole community to guarantee carbon flow and exchange of by-products. The classic view of nutrient cycling involves successional interactions of various microbial community members, each providing the energy source for the next member in a cascade-like fashion (Fig. 1a) . A model example is the degradation of complex organic matter (for example, cellulosic biomass) in an anaerobic digester in which organic material is converted into short-chain fatty acids (SCFAs), carbon dioxide and methane by different microorganisms in a community 22 .
Another example is the metabolic activity of the many members of the human gut microbiota, which aids food digestion and provides the host with essential re-evaluate the foundation of microbial network structure in ways that were previously unfeasible.
Amino acid and vitamin auxotrophies.
Whereas previous work on interspecies interactions has mainly focused on crossfeeding of electron donors, recent studies have highlighted the exchange of amino acids and vitamins in microbial communities (Box 1) and have shown that these interactions can greatly contribute to their composition 5, 31, 32 . Comparative analyses of microbial genomes indicate that more than 98% of all the microorganisms sequenced so far lack essential pathways or key genes for the synthesis of amino acids 33, 34 . The majority of microorganisms are thus auxotrophic and require extracellular sources of amino acids, vitamins and/or cofactors for their survival. It is important to note that the metabolic costs and energy requirements for the synthesis of amino acids, vitamins and cofactors vary substantially. For example, aromatic amino acids, such as phenylalanine, tryptophan, tyrosine and histidine, are energetically more costly to synthesize than simpler amino acids such as glycine or serine 35 . Moreover, metabolic costs for the synthesis of amino acids, vitamins and cofactors can vary among different microorganisms owing to the use of different pathways and differences nutrients 23, 24 . For example, a study using a gnotobiotic mouse model demonstrated that extracellular digestion of inulin increases the growth rate of Bacteroides ovatus, a prominent bacterium in the gut 25 . In turn, by-products from inulin catabolism can be used by primary fermenters such as Faecalibacterium prausnitzii and Bacteroides vulgatus. The sequential action of different members of the gut microbiota involving glycolytic and fermentation pathways generates the metabolic input (for example, SCFAs, lactic acid and hydrogen) for a diverse set of microorganisms, including sulfate-reducing bacteria, acetogens and methanogens [26] [27] [28] . The exchange of electron donors is a well-established driving force in microbial ecology, and textbook knowledge of these exchanges is often consulted when interpreting microbiome data and describing microbial networks. However, electron donor exchange alone can be insufficient to explain the dynamic interactions and apparent metabolic redundancies among microorganisms. Genome analysis, often combined with computational modelling approaches, has provided new insight into the nutrient requirements of various microorganisms that inhabit the human body. The ability to investigate multiple microorganisms simultaneously despite our lack of success in cultivating them in the laboratory 29, 30 has opened the door to 25 or Lactobacillus paracasei 92 , into different monosaccharides (for example, glucose or fructose). Breakdown products from saccharolytic bacteria in the gut can be converted to short-chain fatty acids (SCFAs; for example, acetate or butyrate) by primary fermenters, such as Faecalibacterium prausnitzii 26 and Bacteroides vulgatus 25 , in a sequential manner. b | Expanding the classic view of electron donor exchange. Successional interactions among members in a microbial community (as described in part a) depend on the exchange of amino acids and vitamins.
L. paracasei provides riboflavin (vitamin B 2 ) 93 for F. prausnitzii. Moreover, the arginine (Arg) prototroph F. prausnitzii supplies arginine for L. paracasei and B. vulgatus, which are both arginine auxotrophs. B. vulgatus additionally supports the growth of B. ovatus through the detoxification of inhibitory substances 25 . c | Perturbations (such as those that occur with antibiotic treatment or in a disease state) lead to changes in the dynamic equilibrium of microbial communities and alter the interactions between microorganisms. Reduced synthesis of arginine by F. prausnitzii limits its availability to arginine auxotrophs. In turn, growth of auxotrophs is decreased under nutrient-depleted conditions. The decrease in abundance of auxotrophs limits the availability of by-products, such as glucose and SCFAs, for other members in the community.
in proteome allocation (such as amino acid composition) 36 and are also dependent on the growth stage of the organism 37 . Therefore, the energetic burden for different microorganisms is not evenly distributed within a community.
Auxotrophic bacteria rely on other members of the community, the host or the environment to provide essential nutrients. Among human-associated microbiota, several prominent bacteria, such as Bifidobacterium thermophilum, Eubacterium rectale and Staphylococcus aureus, are unable to synthesize various essential amino acids 4 . The source of these amino acids for these microorganisms can differ depending on the environment. For example, bacteria in the human gut can obtain amino acids from the diet, other members in the resident microbiota or the host itself for protein synthesis 38 . Several abundant bacteria in the gut (for example, Bacteroides spp.) and on the skin (for example, Propionibacterium spp.) are unable to synthesize essential vitamins such as cobalamin (vitamin B 12 ) or pantothenate (vitamin B 5 ) 23, 39 . Some members of the Bacteroidetes phylum are missing some or all of the genes that are necessary for the synthesis of B 12 (REF.
9
). However, these organisms possess several B 12 -dependent enzymes that are essential for the metabolism of sugars, amino acids and fatty acids 23 , which suggests a distinct need for B 12 . Common to inaccurate interpretations of transport reactions and thus misidentification of the capabilities of certain bacterial members in a community. For example, a considerable proportion of bacteria in the human gut encodes transporters for corrinoids (for example, cobalamin, with vitamin B 12 being the most well-known member of this group) in their genomes 23 . Most of these transporters are generically annotated as cobalamin transporters. However, microorganisms can use a wide range of corrinoids and corrinoid precursors and potentially show a distinct preference for certain substrates 43, 44 . For instance, a study evaluating three functionally homologous vitamin B 12 transporters (designated BtuB1, BtuB2 and BtuB3) in Bacteroides thetaiotaomicron revealed that these transporters exhibit distinct preferences for corrinoids that contain adenine or benzimidazole over B 12 -containing 5,6-dimethylbenzimidazole 45 . The wildtype strain containing all three functional transporters showed competitive advantages compared with knockout strains, which are only able to use one single corrinoid.
Network dynamics and cross-feeding
Nutrients derived from microorganisms. Abundant auxotrophies require most bacteria to obtain vital nutrients from other microorganisms or the host. These nutrients have to be available on a continuous basis bacteria in the gut could potentially provide vitamin B 12 to the microbial community independent of the diet 23, 25 . Nutrient uptake. Auxotrophies can be identified by missing or incomplete pathways in the genome, but determining if and how an organism is using the nutrients is much more challenging. For example, an essential amino acid can be acquired as a free amino acid in the form of a dipeptide, tripeptide or oligopeptide, or as part of a complex protein that originates from decaying cells 40 . The reason for our current inability to determine the exact source of amino acids lies in the challenge of annotating and correctly assigning transport reactions. Functional assignment of specific transporters is therefore fundamental for unravelling metabolic exchanges and delineating network structure. However, currently, the substrates of only ~25% of all bacterial membrane transporters have been assigned 41 . An additional challenge is predicting the substrate specificity of known transporters. Transporters can be highly promiscuous, and prediction of substrate specificity on the basis of sequence homology alone can be difficult, thus leading to generic annotations in which multiple transporters are assigned identical substrates 41, 42 . This apparent redundancy is rarely explored when new transporters are described and can contribute nATuRe RevIewS | MiCrobiology P e r s P e c t i v e s
Box 1 | Experimental and computational methods to map microbial interactions

Experimental methods
• Co-culturing: co-culture experiments are providing widely applied validation for cross-feeding among microorganisms 16, 33, 50 . These experiments are constrained to a limited number of microorganisms and are most frequently performed with two members. Furthermore, coculturing is mostly restricted to cultivated microorganisms, and the outcome is dependent on the cultivation method and medium composition, reducing its applicability to natural systems 29, 30 .
• Time course shotgun metagenomic sequencing: the composition of microbial communities can change dramatically over time. Temporal profiling at a strain-level resolution is fundamental to study longitudinal dynamics of microbial communities 76 . Shotgun metagenomics in combination with differential binning permits the retrieval of nearly complete genomes from complex microbial communities and enables identification of auxotrophies and nutrient requirements 78 .
• Functional profiling using metatranscriptomics, metaproteomics and metabolomics: high-throughput functional profiles of microbial communities can be obtained by sequence-based and mass spectrometry-based omic methods 76, 78 . metatranscriptomics, metaproteomics and metabolomics measure mRnA, protein or metabolite levels, respectively. These approaches can be combined to determine active metabolic pathways under a certain condition and at a distinct time point and can assist in resolving interaction networks.
Computational methods
• Genome comparison analysis: genome comparison analysis can be performed based on reference genomes or metagenomic data 77 .
Genome-based prediction of auxotrophies can indicate potential cooperative or competitive interactions 79 . In silico analysis of metabolic pathways, confirmed by experimental data, can yield models of carbon, energy and nutrient flow in microbial communities 78, 80 .
• metagenomic and functional profiling: meta-omics data in general entail a strong computational analysis component. meta-omics data analysis requires the combination of multiple statistical and/or computational methods 81, 82 and depends on well-curated reference databases [83] [84] [85] .
Modelling
• Genome-scale metabolic models: genome-scale metabolic models involve the creation of a metabolic network in which enzymatic reactions are linked by substrates and products (metabolites). Constraint-based modelling that uses, for example, flux balance analysis can be applied to predict metabolic phenotypes under different growth conditions 86, 87 . Simulations using genome-scale reconstructions are frequently validated by experimental results and can be used to predict genotype-phenotype relationships and interactions among microorganisms, as well as interactions between microorganisms and their host 88 .
• Dynamic modelling: computational and mathematical theoretical models are being used to contextualize complex omics data that were generated by high-throughput experimental techniques 89 . Such modelling approaches include ordinary differential equations 90 and agent-based models 91 and can simulate dynamic changes of regulatory networks (signalling pathways and metabolic pathways) and microbial communities. mathematical modelling of microbial community dynamics has been reviewed previously 89 . amino acids (that is, arginine, isoleucine, lysine, methionine, phenylalanine, threonine and tryptophan) supported improved crossfeeding in these co-cultures compared with energetically inexpensive and more common amino acids. To create a scenario closer to natural microbial communities in which auxotrophic bacteria rely on each other to survive and to form a robust steady-state community, the authors combined all 14 auxotrophic strains. After 400 generations, auxotrophic pairs that were able to establish strong cooperative interactions and thus grew the fastest (for example, by sharing arginine, lysine, methionine and threonine) dominated the consortium, showing that amino acid auxotrophies dramatically shaped the microbial community. Similar cooperation was observed in co-culture experiments involving two amino-acidauxotrophic Saccharomyces cerevisiae strains 50 . The survival of both auxotrophic strains was observed for a wide range of initial strain ratios, supporting a variety of conditions permissible for cooperation.
These observations are consistent with growth dynamics and varying abundances of different microorganisms in naturally occurring cooperative systems 44, 51 . Finally, interactions of microorganisms often rely on close proximity. Computational and in vivo studies have shown that spatial structure of microbial communities is a determining factor for cooperation and can drive community dynamics 16, 52, 53 . Co-culture experiments involving Bacillus subtilis and the endophytic fungus Serendipita indica revealed that thiamine (vitamin B 1 ) is a key nutrient for the B 1 auxotroph S. indica. However, successful growth of the co-culture is achieved only when these microorganisms are cultivated in a spatially organized environment that provides optimal conditions for cooperative interactions 16, 53 .
Host-derived nutrients. Understanding potential interactions and contributing partners in communities in which nutrients are provided externally (for example, by the host) is challenging. For example, nutrient to sustain growth over time. Expanding the classic view of electron donor exchange, microorganisms need interacting partners not only to provide suitable carbon and energy sources but also to supply essential nutrients. Currently, it is not known whether the organisms that provide electron donors and nutrients are identical or whether they differ from each other and/or over time. Longitudinal studies often report significant variation in the species composition of microbial communities with seemingly similar metabolic functions 46, 47 . These changes are often explained by subtle genomic differences between microorganisms. For example, differences in transport affinity enable some organisms to uptake a substrate more effectively than its competitors. Alterations in enzyme specificity and enzyme abundance can provide additional growth advantages. However, another plausible explanation is the difference in auxotrophies between organisms with similar metabolic profiles, resulting in community dynamics that are in part dependent on nutrient availability. These interactions can promote positive, negative or neutral effects on the fitness of the community members, resulting in complex relationships. Temporal shifts in the community composition strongly affect the interaction between cooperative bacteria. For instance, the decrease in abundance of one microorganism directly affects the availability of by-products for their partner. This necessitates a rearrangement of the interaction network or forces microorganisms to reprogram their proteome during nutrient limitations 48, 49 (Fig. 2) .
Although evaluating the consequences of auxotrophies for complex communities can be challenging (Box 1), insights into community assembly and dynamics have been gained from enrichment cultures 5 and synthetic communities 33 . A recent study generated a syntrophic (that is, cross-feeding) community composed of amino-acid-auxotrophic Escherichia coli strains. Starting from the prototrophic E. coli MG1655 strain (that is, a strain that can synthesize all of its nutrients), 14 derivative auxotrophic strains were obtained, each containing a gene knockout for one essential amino acid 33 . None of the derivative strains were able to grow independently without supplementation of the appropriate amino acid. The authors probed all possible pairwise syntrophic interactions and observed statistically significant synergistic and cooperative growth in pairwise cocultures. Energetically expensive and rare Oscillations in nutrient availability (red gradient) considerably affects the community composition over time. A vitamin B 12 auxotroph (shown in blue) relies on other members of the community or external sources to obtain this amino acid. In turn, the vitamin B 12 auxotroph provides lysine to a member in the community that is a lysine auxotroph (shown in green). When vitamin B 12 becomes limited, the abundance of B 12 auxotrophs decreases (blue line). As a result, lysine auxotrophs in the community interact with other members in the community (shown in purple) to obtain lysine and to maintain growth (green line). Thus, the decrease in abundance of one member (blue line) can be beneficial for competitors (purple line) and leads to changes in community composition and the interaction network. availability in the rhizosphere or the human gut is highly dynamic and can vary on different timescales. Physiological variation in human host physiology can be dependent on the time of the day 54 (for example, sleep-wake cycles, food intake or changes in hormone levels), over different seasons 55 or over the course of a lifetime 56 . Although multiple studies have delineated the effect of the host diet on the composition of the microbiome 55, 57 , little work has been done to mechanistically resolve the effect of a change in diet on the microbial interaction network. Mice subjected to a Western-like diet with a high fat and low fibre content over several generations showed a progressive loss of microbial diversity, which could not be recovered after the reintroduction of a highfibre diet 58 . Unravelling the social network and reintroducing beneficial taxa (that is, probiotics) to the microbiota could provide potential treatments of recurrent diseases linked to a Western diet 58 . Additionally, it was recently shown that certain compounds in the human diet can select for hypervirulent strains. For example, intake of trehalose can increase the virulence of a Clostridioides difficile strain 59 , which suggests that dietary intervention strategies (such as the use of prebiotics) could select against potential pathogens. Understanding and predicting the effects of diet on assembly, structure, composition and maintenance of the microbiota would be an important step towards rationally controlling the microbiome and gut function.
Cooperation within communities.
Determining cooperation and competition on the basis of nutrient exchange within microbial communities can be a demanding task. The challenge lies not only in identifying interaction partners based on auxotrophies in complex communities but also in the fact that single microorganisms engage in multiple and promiscuous interactions depending on nutrient and energy availabilty 33 . Although successful examples using co-cultures have elucidated the nature of the interactions between two or more microorganisms 33, 50 , studies involving complex microbial communities are currently rare. Given the dynamic nature and complexity of host-associated communities, most studies have been focused on microbial systems in the absence of a eukaryotic host. One such example is microbial-mediated anaerobic ammonium oxidation (anammox), which represents one of the most energy-efficient biotechnological methods for nitrogen removal from wastewater 60 . Metagenomic and metatranscriptomic analysis of anammox granules revealed that bacteria that belong to the phyla Chloroflexi and Chlorobi are auxotrophic for vitamins B 1 , B 7 and B 12 . However, Brocadia spp. from the family Planctomycetaceae contain complete metabolic pathways for vitamins B 1 , B 7 and B 12 . Increased expression of genes involved in pathways for B 1 , B 7 and B 12 synthesis in Brocadia spp. indicates that these bacteria may support the B vitamin requirements of the entire community 61 . A host-associated study evaluated the long-term persistence of the microbiota after faecal transplantation in patients infected with C. difficile 62 and identified Bacteroides spp. as the most common donor microorganism in recipients after transplantation. Metagenomic data obtained 2 years after faecal transplantation showed that B. vulgatus and B. ovatus exhibit long-term persistence and co-occurrence in the gastrointestinal tracts of the recipients. Independent studies have shown how cooperation evolved between these two Bacteroides spp 45 . B. ovatus has its fitness increased by digesting fibre, for example, the polysaccharide inulin, from the diet 25 . In contrast to other Bacteroides spp. (for example, B. thetaiotaomicron) that use mostly extracellular breakdown products of fibre as growth substrate 63 , B. ovatus not only digests inulin extracellularly but also digests it intracellularly, as B. ovatus has the apparatus to take up and metabolize inulin inside the cell. However, the presence of additional saccharolytic enzymes on the cell surface confers a competitive advantage to B. ovatus. The mechanism behind cooperation between B. ovatus and B. vulgatus is currently unknown, and it has been suggested that B. ovatus supplies nutrients to B. vulgatus while B. vulgatus benefits from B. ovatus through detoxification of inhibitory substances or by the provision of an essential growth factor 25 .
Competition within communities. Several studies have described the robustness and plasticity of the healthy human microbiota and have linked it to high diversity 54, 64, 65 . The currently accepted theory asserts that a highly diverse ecosystem can endure perturbations and at the same time adapt to changes in the environment, resulting in a stable but flexible healthy state. It has been proposed that harbouring multiple metabolically redundant species results in high competition for resources in the ecosystem, ultimately leading to increased ecosystem stability 66 . Competition within microbial communities is also an important mechanism by which pathogen overgrowth can be restricted. Commensal microorganisms have established a niche in the human body by developing highly efficient approaches to uptake and metabolize available nutrients and to protect their environment against competing microorganisms. Under normal (that is, healthy) conditions, human pathogens experience colonization resistance, having to invade niches and compete for nutrients and spaces that are already occupied by adapted resident bacteria 67 . Acute infection, prolonged malnutrition or antibiotic usage can result in dramatic changes in the microbiome. Hence, the new state of the microbiome after a severe perturbation may not resemble the original composition 68 (Fig. 3) . Abrupt disruption of the dynamic equilibrium of microbial communities can considerably alter the interactions between microorganisms and between microorganisms and their host, thus creating a propitious environment for pathogens (Fig. 3) . The availability of resources can affect the nature of the interaction in microbial communities. A study using amino-acid-auxotrophic yeast strains demonstrated that changes in amino acid availability can modulate the types of interaction between species. Depending on the resource availability, the interaction of these strains changed from obligatory and facultative mutualism to competition and parasitism 69 . Unravelling these dependencies and the resulting dynamic interactions of members in a community would be of great importance for microbiome research.
With the rare exception of C. difficile, which is also able to grow in vitro in the presence of carbon dioxide and hydrogen as the sole carbon and energy source, respectively 70 , all pathogenic bacteria known to date are heterotrophs. Several human pathogens are auxotrophic for amino acids, which confines their network 4 . S. aureus, a human pathogen commonly found on skin 71 , has been directly associated with the inflammatory skin disease atopic dermatitis. Comparison between lesional and non-lesional skin in patients with atopic dermatitis has shown that the number of S. aureus cells can surpass tenfold in patients with lesional skin 72 . Pan-genomic analysis for 64 S. aureus strains predicted that all strains are auxotrophic for niacin and thiamine, whereas strain-specific auxotrophies were predicted for riboflavin, guanine, leucine, methionine, cysteine and valine, among others 73 . These auxotrophic pathogens therefore rely either on their microbial network or on the host to provide these essential nutrients. Excessive overgrowth of specific strains of S. aureus 71 suggests that nutritional resources have to be provided in sufficient quantities to support this overgrowth. The microbial network would thus have to synthesize and share adequate amounts of nutrients, rendering S. aureus dependent on commensal bacteria of the skin microbiota. Alternatively, large amounts of essential amino acids supporting S. aureus overgrowth could originate from the host. Moreover, two or more S. aureus strains could mutually support each other during infection. To our knowledge, there are no examples of commensal bacteria that overproduce nutrients during infections, which suggests that pathogens obtain nutrients from the host. Indeed, during an infection, pathogens often release a wide array of virulence factors to outcompete their commensal rivals and promote host tissue damage. For example, several gastrointestinal pathogens disrupt the epithelial barrier, thus increasing permeability to facilitate the release of nutrients 74 . Consequently, the abundance of nutrients minimizes the competition among commensals and pathogens and thus renders interactions based on auxotrophies insignificant. However, at what stage a pathogen switches its source of nutrition from other microorganisms to the host is currently unknown. Future studies that focus on identifying the source of critical nutrients that support pathogenic overgrowth will be crucial to increasing our understanding of disease initiation and exacerbation and could potentially lead to novel treatment strategies.
Outlook
Although auxotrophies and the role of amino acid and vitamin exchange have been identified recently in several microbial communities 5, 6, 31, 32, 61 , the dynamics of these complex interaction networks have only been revealed in simple co-culture experiments. However, interactions between multiple species can change over time according to nutrient availability and proteome allocation 4 . Currently, the identification of dynamic interactions A healthy , human microbial community exchanges nutrients among commensal members (indicated by grey , blue and green ovals) and the host through an intricate network of interactions. Coloured lines indicate microbial abundance (total number of cells) over time. The healthy microbiota consumes available nutrients (blue dots), produces metabolites for other members (different species or strains) and for the host (red and green dots), and inhibits pathogen growth. Upon perturbation, the abundance of and composition in the gut commensal microbial community can change, creating an opportunity for pathogen overgrowth. During infection, amino-acid-auxotrophic pathogens, such as Staphylococcus aureus 71 , Bacillus anthracis 94 or Streptococcus pyogenes 4 (red ovals), compete with commensal bacteria for host amino acids (blue dots) and promote physiological changes in the host by releasing toxins (purple triangles), thus triggering inflammation. Antibiotic treatment leads to a decrease in microbial abundance that affects not only commensals but also pathogens. Over time, the abundance and diversity of the microbiota recovers. However, the composition of the new microbiota may differ to the initial state, which results in new interactions among commensals to maintain functionality and equilibrium of the microbial community 67 . and dependencies in natural microbial communities is challenging because members of such communities can engage in multiple and promiscuous interactions. However, defining these interactions could provide new avenues to treating diseases that have been linked to microorganisms 75 . Understanding multilevel interactions in a natural community requires a combination of longitudinal studies and advanced computational tools 76 . Auxotrophies vary substantially between strains of the same species 7, 73 and cannot be inferred from phylogenetic markers such as 16 S ribosomal RNA. Therefore, genome information at the strain level is required to study the effects of auxotrophies on community composition and interactions; however, longitudinal microbiome studies at a strain-level resolution have been scarce. One reason for the lack of strain-level data is the difficulty in which high quality, nearly complete genomes are retrieved 77 . Although this has been achieved for communities of low complexity 5 , it is still challenging for complex communities and thus hampers strain identification and the correct determination of auxotrophies (Box 1). The enhancement of sequencing technology (for example, improved read length) and computational tools (for example, refined genome assembly) would greatly benefit the elucidation of interaction dynamics. Further insight into the intertwined network of interactions among microorganisms as well as microorganisms and their hosts at the strain-level could pave the way for new treatment options, such as the use of prebiotics or probiotics to not only target a single pathogen but also modulate the entire microbial network. Owing to the lack of knowledge about interactions, most current prebiotic and probiotic interventions have not been designed rationally. And although some treatment strategies have proved to be beneficial, the mechanism behind those effects is mostly unknown. Knowledge about the nutrient requirements of members of the microbiome, including pathogens and their social network, could enable rational interventions and would potentially result in new tailored treatment strategies.
